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_ ~ t e n s ' v e  t h e r v a l  And power c i c l e  model  i n ?  
c a c a o i  I i::es .lave oeen c le , /e iaoed p tn i ch  ,ire ; c , ' ~ e - -  
f u i  t:ols i n  S j a c e  S t a t i c n  FreerJcm e ' e c t r i : :  pcwer. 
s;ls:em 3 e s i q n  d i d  3 n a l y s : s .  b b t  w h i c h  ar'ove c2mber- 
some and  c o s t l y  f o r  s i m p i e  ccmponenr  g r e l i m i n a r y  
d e s i g n  s t u d i e s .  I n  o r d e r  t o  a i d  i n  r e i i n i n g  t h e  
S o l a r  Dynamic r a d i a t o r  t o  t h e  n a t u r e  d e s i g n  s t a g e ,  
a s i m p l e  and f l e x i o l e  n u m e r i c a l  model  "as d e v e l -  

p1 o p e a .  The m d e l  s i m u l a t e s  h e a t  t r a n s f e r  and f l u i d  
g i l o r  p e r f s r a a n c e  o f  t h e  r a d i a t o r  and c a l c u l a t e s  
p a r e a ,  mass.  a n a  i m o a c t  s u r v i v a b i l i t y  fo r  many com- 

b i n a t i o n s  o f  f low t u b e  3nd pane !  c o n f i g u r a t i o n s ,  
f l u i d  and m a t e r i a l  p r o p e r t i e s ,  and e n v i r o n m e n t a l  
and  c y c l e  ) v a r i a t i o n s .  T h i s  p a p e r  p r e s e n t s  a b r i e f  
d e s c r i p t i o n  and d i s c u s s i o n  of t h e  n u m e r i c a l  m o d e l ,  
i t ' s  c a p a b i l i t i e s  a n d  l i m i t a t i o n s ,  and  r e s u l t s  o f  
t h e  p a r a m e t r i c  s t u d i e s  p e r f o r m e d  t o  d a t e .  

INTRODUCTION 

P o w e r f u l  n u m e r i c a l  m o d e l i n g  tools h a v e  been 
d e v e l o p e d  and  a r e  b e i n g  emp loyed  f o r  d e s i g n  and 
a n a l y s i s  of Space S t a t i o n  F r e e d o m ' s  s o l a r  dynamic  
( S D )  power  m o d u l e s .  These mode ls  p r o v i d e  d e t a i l e d  
a n a l y s e s  o f  t h e  SD m o d u l e ' s  power c y c l e ,  t h e r m a l  
e n v i r o n m e n t .  s t r u c t u r a l  c o m p a t i b i l i t y ,  con t t -31  i y S -  
t e n .  a n d  comoonent  p e r f o r m a n c e .  W h i l e  t h e y  a r e  
i n v t i l u a s l e  to  The p r o g r e s s  o f  t h e  SD m o d u l e  d e s i g n .  
t h e s e  : d e s  o r o v e  cumbersome and c o s t l y  f o r  s i m p i e  
c 'mpcnent  a r e l i m i n a r y  d e s i g n  s t u d i e s  and  p a r s i n e t r i c  
a n a ' y s e s  cif d e s i g n  o p t i c n s .  

In o r d e r  t o  a i d  i n  r e f i n i n g  one c o m o o n e i t  of 
t h e  SD m o d u l e  - :he r a d i a t o r  - t o  t h e  m a t u r e  
d e s i g n  s t a g e ,  a s i m p l e ,  f l e x i b l e  n u m e r i c a l  model  
was d e v e l o p e d .  The model  was b u i l t  t o  s i m u l a t e  t h e  
fgnc!arnenta l  f u n c t i o n s  o f  t h e  SD r a d i a t o r  i n  o r d e r  
:o i ' a c i l i t a t e  p a r a m e t r i c  e v a l u a t i o n  i n  t e r m s  o f  
h e a r  r e j e c t i o n ,  t h e r m a l  i n t e g r a t i o n ,  a r e a ,  mass,  
D u m r i n g  p o w e r ,  a n d  o r b i t a l  d e b r i s  i m p a c t  s u r * J i v a -  
b i  1 i  t y .  The model  s i m u l a t e s  f u n c t i o n a l  p e r f o r m a n c e  
o f  a s i m p l i f i e d  SD r a d i a t o r  for many c o m b i n a t i o n s  
of f l o w - t u b e  and  p a n e l  c o n f i g u r a t i o n ,  f l u i d  (and 
m a t e r i a l  p r o p e r t i e s .  and  e n v i r o n m e n t a l  and  c:/cle 
v a r i a t i o n s .  

T h i s  p a p e r  i s  i n t e n d e d  to p r o v i d e  an i l l u s -  
t r a t i v e  examp le  o f  t h e  t a i l o r i n g  o f  c u r r e n t  e n g i -  
n e e r i n g  m o d e l s  of h e a t  t r a n s f e r ,  f l u i d  f low,  and  
o r b i t a l  d e b r i s  i m p a c t  s u r v i v a b i l i t y  to a s i m p l i f i e d  
space r a d i a t o r  for  t h e  p u r p o s e s  of p r e l i m i n a r y  
d e s i g n  and  p a r a m e t r i c  s t u d y .  As d e s i g n  needs  

e v o l v e ,  so w i l l  t h e  n u m e r i c a l  m o d e l ;  t h i s  o a p e r  
c w e r s  t h e  c o a e ' s  d e v e i o p m e n t  t h r o u g h  t h e  S p r i n g  
of 1989. 

BACKGRCUND 

The i n i t i a l  p h a s e  of Space S t a t i o n  F reedom 
w i l l  be powered  b y  p h o t o v o l t a i c  a r r a y s  [ l l .  G r o w t h  
power r e q u i r e m e n t s  will be m e t  t h r o u g h  a d d i t i o n  o f  
s o l a r  dynamic  power  modu les  [ 2 1 .  w h i c h  D r o d u c e  
e l e c t r i c  e n e r g y  b y  means o f  a the rmodynamic  power  
c y c l e .  S o l a r  e n e r g y  i s  c a p t u r e d  b y  a s o i a r  concen-  
t r a t o r  and f o c u s e d  i n t o  a r e c e i v e r ,  i n  ; th ich a 
he l i um- ,<enon  gas  m i x t u r e  i s  h e a t e d .  A c l o s e d  B r a / -  
t o n  c y c l e  e n g i n e  u t i l i z e s  t h e  gas m i x t u r e  as a 
w o r k i n g  f l u i d  t o  p r o d u c e  e l e c t r i c a l  power f o r  
t r a n s m i s s i o n  t o  S t a t i o n  u s e r s .  The SD m o d u l e  
r e j e c t s  u a s t e  h e a t  from t h e  c l o s e d  B r a y t o n  c y c l e  
power c o n v e r s i o n  u n i t  t o  space  t h r o u g h  t h e  pumped- 
l o o p ,  m u l t i - p a n e l  r a d i a t o r .  T h i s  p r o c e s s  i s  i l l u s -  
t r a t e d  s c h e m a t i c a l l y  i n  F i g .  1 .  

The SD m o d u l e  r a d i a t o r  i s  one  o f  many t y p e s  
of r a d i a t o r s  t o  b e  d e p l o y e d  o n  Freedom, b u t  has  
p e r f o r m a n c e  r e q u i r e m e n t s  w h i c h  a r e  u n i q u e .  
t h e  r a d i a t o r  a c t s  as  t h e  t h e r m a l  s i n k  p o r t i o n  o f  
t h e  SD power c y c l e ,  t h e  h e a t  r e j e c t e d  m u s t  be s u f -  
f i c i e n t  t o  m a i n t a i n  power  c y c l e  s t a t e  p o i n t s  
t h r o u g h o u t  t h e  w i d e  o p e r a t i n g  r a n g e  of t h e  G r a y t o n  
c y c l e  sys tem.  The r a d i a t o r  a l s o  f u n c t i o n s  as t h e  
a c t i v e  c o o l i n g  s y s t e m  fo r  e l e c t r i c a l  e q u i p m e n t  o n  
t h e  SD u t i l i t y  p l a t e .  

i n t e g r a t i o n  r e q u i r e m e n t s  as w e l l .  Two S O  m o d u l e s  
a r e  r e q u i r e d  t o  be t r a n s p o r t e d  t o  Freedom i n  o n e  
l a i l n c h  o f  t h e  STS O r b i t e r ,  t h u s  r a d i a t o r  mass,  
d e p l o y a b i l i t y ,  and  l a u n c h  p a c k a g i n g  a r e  c r i t i c a l .  
The r a d i a t o r  m u s t  a l s o  h a v e  a d e q u a r e  s t r u c t u r a l  
i n t e g r i t y  and m u s t  be o r i e n t e d  s u c h  t h a t  s h a d o w i n g  
of t h e  SD c o n c e n t r a t o r  i s  m i n i m i z e d .  I n  a d d i t i o n ,  
r a d i a t o r  f l u i d  p u m p i n g  power r e q u i r e m e n t s  m u s t  n o t  
exceed  p a r a s i t i c  power  a l l o t m e n t s .  

S t a t i o n - l e v e l  d e s i g n  d r i v e r s  i n c l u d e  r e l i a b i l -  
i t y  and  m a i n t a i n a b i l i t y ;  s u r v i v a l  i n  o r b i t a l  e n v i -  
r o n m e n t ;  and  m i n i m i z a t i o n  of t h e r m a l  and  s t r u c t u r a l  
i n t e r a c t i o n s ,  d r a g ,  and  r e a c t i o n  c o n t r o l  n e c e s s a r y  
for o f f - a x i s  o r i e n t a t i o n  of c e n t e r s  of mass ,  a n d ,  
of c o u r s e ,  c o s t s .  

i n  p a r t  o n  A p o l l o ,  S k y l a b .  and  Space S h u t t l e  
O r b i t e r  t e c h n o l o g i e s  [ 3 1 .  F i g u r e  2 i l l u s t r a t e s  
t h e  SD r a d i a t o r  componen ts  a n d  b a s e l i n e  

S i n c e  

The SD r a d i a t o r  d e s i g n  i i  a r i v e n  b y  SD m o d u l e  

The d e v e l o p m e n t  of t h e  SD r a d i a t o r  i s  b a s e d  



c o n f i g u r a t i o n .  The m u l t i - p a n e l  r a d i a t o r  i s  a u t o -  
m a t i c a l l y  d e p l o y e d  u s i n g  a m o t o r i z e d ,  s c i s s o r - a r m  
and c a b l e  mechanism. A s i n g l e - p h a s e  h e a t  t r a n s f e r  
f l u i d  i s  oumped t h r o u g h  t h e  e l e c t r i c a l  e q u i p m e n t  
c a l d  p l a t e  and  t h e  c y c l e  gas c o o l e r  and o n  t o  t h e  
r a d i a t o r  p a n e l s ,  w h i c h  a r e  p lumbed  i n  p a r a l l e l  b y  
f l e x i b l e  h o s e s .  The f low l o o p  i s  c o m p l e t e  when 
t h e  f l u i d  r e t u r n s  t o  t h e  pump i n l e t .  S y s t e m  r e d u n -  
d a n c y  i s  m a i n t a i n e d  b y  two, w h o l l y  s e p a r a t e  f l u i d  
l o o p s  - a p r i m a r y  l o o p  and  a s e c o n d a r y  ( b a c k - u p )  
1 OOP . 

Each r a d i a t o r  p a n e l  i s  c o n f i g u r e d  w i t h  i n l e t  
and  o u t l e t  f low m a n i f o l d s .  Flow t u b e s  a r e  con -  
n e c t e d  t o  m a n i f o l d s  b y  p e r p e n d i c u l a r  t a k e - o f f 8  and  
r u n  t h e  l e n g t h  o f  t h e  p a n e l .  The c u r r e n t  b a s e l i n e  
a e s i g n  c a l l s  f o r  18 a c t i v e  t u b e s  p e r  p a n e l ,  a l t e r -  
n a t i n g  w i t h  18 s e c o n d a r y  t u b e s .  Flow t u b e s  a r e  
p r o t e c t e d  f rom o r b i t a l  d e b r i s  p e n e t r a t i o n  b y  a 
bumpered .  s t a n d - o f f  c o n f i g u r a t i o n .  P r i m a r y  and 
s e c o n d a r y  f low t u b e s ,  w h i c h  a l t e r n a t e  t h r o u g h  t h e  
w i d t h  o f  t h e  p a n e l ,  a r e  s e p a r a t e d  from e a c h  o t h e r  
b y  a honey-comb s t r u c t u r e ,  and a r e  bound t o g e t h e r  
b y  a foam a d h e s i v e .  The f l o w - t u b e s  and  honeycomb 
s t r u c t u r e  a r e  b o t h  m a n u f a c t u r e d  o f  a l u m i n u m  and  
a r e  s a n d w i c h e d  b e t w e e 7  two a l u m i n u m  f a c e - s h e e  
a t t a c he a b y  ad he ; i v e . 

DESCR!7TION OF NUMERICAL MODEL 

The c r e a t i o n  o f  a manageab le  e n g i n e e r i n g  
model  from p r e l i m i n a r y  d e s i g n  i n f o r m a t i o n  and  
posed  p a r a m e t r i c  s t u d y  c o n c e p t s  r e q u i r e d  nume 
s i m p l i f i c a t i o n s  and  a p p r o x i m a t i o n s  t o  t h e  r a d  
p h j s i c a l  c o n f i g u r a t i o n .  The model  was d e v e l c  
v i t h  t h e  o b j e c t i j i e  o f  s i m u l a t i n g  o p e r a t i o n  o f  

S ,  

p r o -  
o u  s 
a t o r  
e d  
a 

v a r i e t y  o f  c o n f i g u r a t i o n s ,  w h i l e  m a i n t a i n i n g  s i m -  
p l i c i t y ,  e f f i c i e n c y ,  and  f l e h i b i l i t y  o f  t h e  c o d e .  
R e s u l t s  o f  t h e  n u m e r i c a l  model  a r e ,  o f  c o u r s e ,  l i m -  
i t e d  b y  t h e  a s s u m p t i o n s  and  s i m p l i f i c a t i o n s  made 
i n  i t s  d e v e l o p m e n t .  

Thermal  Mode l  

F i r s t  among t h e s e  s i m p l i f i c a t i o n s  i s  t h e  s t i p -  
u l a t i o n  t h a t  a l l  a c t i v e  r a d i a t o r  t u b e s  p e r f o r m  
e q u a l l y .  T h a t  i s ,  t h e  f l u i d  i n l e t  t e m p e r a t u r e ,  
e f f e c t i v e  s i n k  t e m p e r a t u r e ,  and  mass f l o w  r a t e  a r e  
assumed e q u a l  fo r  each  o f  t h e  r a d i a t o r  r u b e s ,  and  
for- each  r a d i a t o r  p a n e l ,  r e g a r d l e s s  o f  l o c a t i o n .  
T h i s  i m p l i e s  t h a t  h e a t  t r a n s f e r  f rom p a n e l  m a n i -  
f o l d s  and  f l e x  hoses  i s  n e g l i g i b l e .  N i t h  r e f e r e n c e  
t o  F i g .  2 ,  t h i s  a s s u m p t i o n  i s  based  i n  r e a l i t y ,  
g i v e n  t h e  t u b e - i n - t u b e  m a n i f o i d  c o n f i g u r a t i o n  and  
t h e  r e l a t i v e l y  ;hart span o f  t h e  f l e v  h o s e s  b e t v e e n  
p a n e l s .  On o r b i t ,  f l o w  d i s t r i b u t i o n  b e t w e e n  p a n e l s  
i s  e y p e c t e d  t o  v a r y  because  e f f e c t i v e  s i n k  tempera -  
ture, and t h u s  h e a t  t r a n s f e r ,  will v a r y  b e t w e e n  
p a n e l s .  N e v e r t h e l e s s ,  t h e  v a r i a t i o n  o f  e f f e c t i v e  
s i n k  t e m p e r a t u r e  from p a n e l  t o  p a n e l  i s  s m a l l  and  
<Has n e g l e c t e d  h e r e .  F r i c t i o n a l  p r e s s u r e  d r o p  
t h r o u g h  m a n i f o l d s  a n d  f l e x  hoses  a f f e c t s  t h e  f l u i d  
flow d i s t r i b u t i o n  i n  t h e  r a d i a t o r ,  and t h u s  t h e  
amount  o f  h e a t  t r a n s f e r  from each  p a n e l .  T h i s  
e f f e c t  i s  n e g l e c t e d  i n  t h e  a n a l y s i s .  s i n c e  t h e  
d i a m e t e r  o f  o a n e l  m a n i f o l d s  and  f l e x  hoses  i s  
l a r g e  i n  r e l a t i o n  t o  t h a t  o f  t h e  f l o w - t u b e s ,  and  
t h e  span  b e t w e e n  p a n e l s  i s  s h o r t  i n  r e l a t i o n  to  
f l o w - t u b e  l e n g t h .  P r e s s u r e  d r o p  t h r o u g h  t h e  

r a 3 I a t o r  a s s e m b l y  i s  c a l c u l a t e d  f s r  oump a n a l y s l ;  
(ice p r e s s u r e  loss  m o d e l ) .  

Tbe t h e r m a l  mcde! rlas r m s r r u c t e d  f rcm a 
o n e - j i m e n s i o n a l  . :;ead/-;tat? h e a r  b a l a n c e  3 e r -  
f o rmed  cn an e l e m e n t  Jf r a d i a t x  t u b e .  The o a s i s  
of t h i s  h e a r  b a l a n c e  *as d e v e l o p e d  p r e v i o u s i y  [ 4 1  
f o r  an a r m o r e d  r a d i a t o r  t u b e .  The f x u s  of t h i s  
p a p e r  i s  t w o f o l d :  ( 1 )  d i s c u s s i o n  o f  t 3 e  m a j o r  
e y t e n s i o n s  and m o d i f i c a t i o n s  made t o  a d a p t  ;he 
model  to  a p a r t i c u l a r  a p p l i c a t i o n  ana ,  ( 2 )  p r e s e n -  
t a t i o n  or^ some p a r a m e t r i c  s t u d y  r e s u l t s .  The 
i n t e r e s t e a  r e a d e r  i s  r e f e r r e d  t o  t h e  c i t a t i o n  fo r  
d e v e l o o r n e r t  o f  t h e  f u n d a m e n t a l  h e a t  b a l a n c e .  The 
h e a t  b a l a n c e  i s  s l i g h t l y  m o d i f i e d  from R e f .  4 t o  
a c c o u n t  f o r  a bumper-ed ( r a t h e r  t h a n  a r m o r e d )  t u b e  
and for  r a d i a t ' o n  from b o t h  s i d e s  o f  :he r a d i a t o r  
p a n e l  n o d e .  

The model  s f o r m u l a t e d  so t h a t  t e m p e r a t u r e  
d i s t r i b u t i o n s  a o n g  a t u b e  a r e  f o u n d .  m a r c h i n g  i n  
t h e  d i r e c t i o n  c f l u i d  f low. S t a r t i n g  w i t h  a r a d i -  
a t o r  t u b e  i n l e t  t e m p e r a c u r e ,  w h i c h  i s  known from 
t n e  p o u e r  c y c l e  s t a t e  p o i n t  a n a l y s i s ,  n o d a l  t e m p e r -  
a t u r e s  and r l e a t  t r a n s f e r  a r e  f o u n d  b y  i m p l i c i t  
s o l u t i o n  c f  t h e  d i s c r e t i z e d  h e a t  e c l u a t i o n  f o r  t h e  
f i n  root  t e r n p e r a t u r e .  An i t e r a t i v e  ( i m p l i c i t :  
s o l u t i o n  i s  necessa:y because  t h e  f i n  e f f e c r i v e n e s ;  
i s  a l s o  a f d n c t i o n  o f  t h e  f i n  roo t  t e m p e r a t d r e  (see 
r a d i a t i o n  mode! d i s c u s s i o n ) .  T e m p e r a t u r e  a e o e n d e n t  
f l u i d  p r o p e r t i e s  a r e  u o a a t e d  a t  e a c h  n o d e ,  d s i n g  a 
n o d a l  a v e r a g e  f l u i d  t e m o e r a t d r e .  The n o d a l  h e a t  
r e j e c t i o n  i s  c a l c u l a t e d  f r o m  t h e  r a d i a t i o n  h e a t  
b a l a n c e  3nd n o d a l  o u t l e t  t e m p e r a t u r e  i s  ca1cula:ed 
f r o m  a h e a t  h a i a n c e  o n  t h e  b u l k  f l u i d .  i o r a l  h e a t  
r e j e c t i o n  from t h e  r a d i a t o r  i s  e s t i m a t e d  b:/ sum- 
m i n g  t h e  h e 3 t  r - e j e c t e d  D:/ each  node i n  t h e  s i n g l e  
f l o w - t u b e  and  m u l t i p l y i n g  b y  t h e  number o f  r u b e s  
i n  t h e  r a d i a t o r .  D e t a i l s  o f  t h e  h e a t  r e j e c - i o n  
c y c l e  model  - from b u l k  f l u i d  h e a t  l o s s ,  to  t u b e  
w a l l  c o n v e c t i o n ,  t o  c o n d u c t i o n  t h r G u g h  t h e  t u b e  
b u m p e r i n g .  and  f i n a l l y ,  to r a d i a t i o n  t o  space  - 
a r e  d e s c r i b e d  b e l o w .  

C o n v e c t i o n  Model  

A t  a c o n s t a n t  mas; f low r a t e ,  t h e  f l o w  t h r o u g h  
a r a d i a t o r  t u b e  d e c e l e r 3 t e s  from e n t r a n c e  t 2  e x i t  
as i t  g i v e s  o f f  h e a t  and e n c o u n t e r s  i n c r e a s e d  v i s -  
cous  d r a g ,  so t h a t  i t s  R e y n o l d s  number can f a l l  
i n t o  t h e  t r a n s i t i o n  and  even  l a m i n a r  f low r e g i m e s .  
A l t h o u g h  low R e y n o l d s  number f low i s  u n d e s i r a b l e  
from a s t a n d p o i n t  o f  i n c r e a s e d  c o n v e c t i o n  h e a t  
t r a n s f e r ,  i t s  o c c u r r e n c e  i s  a r e s u l t  o f  d e s i g n  com- 
p r o m i s e s  be tween  n e c e s s a r y  h e a t  r e j e c t i o n ,  m a i n t e -  
nance  o f  e l e c t r i c a l  e q u i p m e n t  t e m p e r a t u r e s  i n  The 
f l u i d  l o o p  ( w h i c h  d e t e r m i n e s  t n e  maximum r a d i a t o r  
o u t l e t  t e m p e r a t u r e ) ,  pump ing  power c a p a b i i i r i e s  
and c a n d i d a t e  f l u i d  p r o p e r t i e s .  

The c o n v e c t i o n  model  a o o e a r s  i n  t h e  n o d a l  
h e a t  b a l a n c e  e q u a t i o n  as a t h e r m a l  r e s i s t a n c e  t e r m  
fo r  h e a t  t r a n s f e r  be tween  t h e  o u l k  f l u i d  and  t h e  
f l o w - t u b e  $ w a l l .  The model  'was d e v e l o p e d  u s i n g  con -  
s e r , v a t i v e  e s t i m a t e s  o f  t h e  c o n v e c t i v e  n e a t  t r a n s -  
f e r  c o e f f i c i e n t s .  E n t r a n c e  r e g i o n  e f f e c t s  ,ere 
found  t o  b e  n e g l i g i b l e ,  so t h e  f low i s  t a k e n  t o  be 
t h e r m a l l y  and  h y d r o d y n a m i c a l l y  f u l l y  d e v e l o p e d .  
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N u s s e l t  Number e q u a t i o n ;  f o r  t h e  t u r b u l e n t ,  Y r a n s i -  
t i o n ,  and  l a m i n a r  r e g i m e s  a r e  u s e d  t o  a p p r o x i m a t e  
t h e  h e a t  t r a n s f e r  c o e f f i c i e n t .  I t  m u s t  be n o t e d  
h e r e  t h a t  l i t e r a t u r e  3 n  f low r e t r a n s i t i o n  i s  n o t o r -  
i o u s l y  amb iguous  a n d  l a c k i n g  i n  u s e f u l  mode ls  o r  
e x p e r i m e n t a l  c o r r e l a t i o n s .  I n  a d d i t i o n ,  a g r e e m e n t  
does  n o t  e x i s t  as  t o  where  t h e s e  r e g i m e s  b e g i n  a n d  
end  as  f u n c t i o n s  o f  R e y n o l d s  number .  The emphas is  
h e r e .  t h e n ,  i s  o n  c o n s e r v a t i v e  ( i . e . ,  v o r s t  c a s e )  
m o d e l i n g  u n t i l  t e s t i n g  i n d i c a t e s  t h e  a p p r o p r i a t e -  
n e s s  of o t h e r  m o d e l s .  The s t a n d a r d  r e l a t i o n  i s  
u s e d  i n  t h e  t u r b u l e n t  (Re > 6400) r e g i m e  [SI. I n  
t h e  l a m i n a r  f l o w  r e g i m e  (Re < Z O O O ) ,  a c o n s t a n t  
h e a t  r a t e  i s  assumed,  Nu = 3 . 6 6 ,  y i e l d i n g  a con-  
s e r v a t i v e  e s t i m a t e  of h e a t  t r a n s f e r .  An e x p l i c i t  
v i s c o s i t y  c o r r e c t i o n  i s  n o t  made i n  t h e  e q u a t i o n s  
because  t h e  f l u i d  p r o p e r t i e s  ( i n c l u d i n g  v i s c o s i t y )  
a r e  u p d a t e d  a t  e a c h  c o m p u t a t i o n a l  n o d e .  I n  t h e  
f low t r a n s i t i o n  r e g i m e  (6400 > Re > 2000). an 
e s t i m a t e ,  a t t r i b u t e d  t o  H .  Hausen,  was adapt:ed 
f ro8n a \ w i d e l y  u s e d  n u m e r i c a l  model  [ 6 1 .  

F l u i d  P r o p e r t y  M o d e l s  

The SD r a d i a t o r  w i l l  o p e r a t e  o v e r  a w i d e  tem- 
p e r a t u r e  r a n g e ;  t h u s ,  a n  a c c u r a t e  model  a c c o u n t s  
for t h e  v a r i a t i o n  o f  p r o p e r t i e s  i m p o r t a n t  to h e a t  
t r a i i s f e r  - v i s c o s i t y ,  s p e c i f i c  h e a t ,  t h e r m a l  con -  
d u c t i v i t y ,  and  d e n s i t y  - o v e r  t h e  t e m p e r a t u r e  
r a n g e .  The f l u i d  l o o p  i s  a low p r e s s u r e  s y s t e m  
(200 p s i  or l e s s ) ,  t h e r e f o r e ,  t h e  e f f e c t  of p r e s -  
s u r e  change  o n  f l u i d  p r o p e r t i e s  has  been  n e q l e c t e d .  
A v a r i e t y  o f  me thods  h a v e  been d e v e l o p e d  t o  e s t i -  
m a t e  f l u i d  p r o p e r t i e s ,  due  t o  a v a i l a b i l i t y  o f  d a t a  
and  t h e  number o f  f l u i d s  u n d e r  s t u d y .  P r o p e r t y  
t a b l e s  f r o m  s e v e r a l  s o u r c e s  [ 7  t o  101 a r e  u s e d  f o r  
t h e  h y d r o c a r b o n s  u n d e r  s t u d y  : e . g . ,  t o l u e n e ,  
n - h e p t a n e ) .  The code  u s e s  a l i n e a r  i n t e r p o l a t i o n  
rou : : i ne  b e t w e e n  d a t a  p o i n t s  a n d  a l i n e a r  e x t r a p o l a -  
t i o n  b e y o n d  d a t a  p o i n t s .  The code  c o n t a i n s  an 
o p t ' o n  t o  u s e  c u r v e - f i t  e q u a t i o n s  e s t i m a t e d  b y  
t h e  m e t h o d s  d e s c r i b e d  i n  R e f .  1 1 .  These e q u a t i o n s  
a r e  g e n e r a l l y  more p r e c i s e  t h a n  l i n e a r  i n t e r p o l a -  
t i o n  for a p r o p e r t y ,  s u c h  as  v i s c o s i t y ,  w h i c h  i s  a 
h i g h l y  n o n l i n e a r  f u n c t i o n  o f  t e m p e r a t u r e .  C u r v e -  
f i t  e q u a t i o n s  a r e  a l s o  u s e d  f o r  p r o p e r t y  d a t a  of 
t h e  more  e s o t e r i c  f l u i d s  u n d e r  s t u d y ,  s u c h  as  
F C - i s .  

F low-Tube  I n t e r n a l  G e o m e t r v  M o d e l s  

The d e s i g n  c o n s t r a i n t s  d i s c u s s e d  p r e v i o u s l y  
w i l l  n e c e s s i t a t e  e v a l u a t i o n  o f  some compac t  h e a t  
e x c k a n g e ?  t e c h n o l o g y ,  so t h e  n u m e r i c a l  model  was 
d e v e l o p e d  t o  a l l o w  for  p a r a m e t r i c  s t u d i e s  o f  t h i s  
t y p e .  I n c r e a s e  of t h e  c o n v e c t i v e  h e a t  t r a n s f e r  
c o e f f i c i e n t  may be a c c o m p l i s h e d  b y  e f f e c t i v e l y  
i n c r e a s i n g  f low t u r b u l e n c e  ( b y  a d d i n g  t u r b u l a t o r s  
such  as  t w i s t e d - t a o e  i n s e r t s ) ,  b y  d e c r e a s i n g  t h e  
h y d r a u l i c  r a d i u s  ( b y  a l t e r i n g  t h e  t u b e  s h a o e ) ,  or  
b y  a d d i n g  i n t e r n a l  f i n s .  S e v e r a l  i n t e r e s t i n g  t u b e  
m o d i f i c a t i o n s  d i s c u s s e d  i n  t h e  l i t e r a t u r e  112 t o  
141 may be o f  use i n  r e f i n i n g  t h e  SD r a d i a t o r  f low- 
t u b e  d e s i g n .  Of  c o u r s e  t h e  b e n e f i t s  of t h e s e  m o d i -  
f i c a t i o n s  m u s t  b e  w e i g h e d  a g a i n s t  t h e  r e s u l t i n g  
i n c r e a s e d  p u m p i n g  p o w e r .  The c o n v e c t i o n  model  was 
g e n e r i c a l l y  f o r m u l a t e d  t o  a c c o u n t  for p a r a m e t e r ;  
( s u c h  as  h y d r a u l i c  r a d i u s ,  f r i c t i o n  c o e f f i c i e n t ,  
a n d  h e a t  t r a n s f e r  c o e f f i c i e n t )  w h i c h  c a n  be 

d i f f e r e n t  f rom t h a t  o f  a c i r c u l a r  tube and Far 
i n c l u s i o n  of t u r b u l a t o r s  3r f i n s .  M o d e l s  s 2 e c i f i c  
t o  p a r t i c u l a r  g e o m e t r i e s  a i -e  f o r m u l a t e d  i n  
s u b r o u t i n e s .  

C o n d u c t i o n  Mode l  

H e a t  i s  c o n d u c t e d  from t h e  t u b e  u a l  1s t h r o u g h  
t h e  bumpered  e x t r u s i o n  a n d  i n t o  t h e  g a n e l  ;ace- 
s h e e t  ( F i g s .  2 and  3 ) .  The bumpered  e x t r u s i o n  
d e s i g n  i s  a r e s u l t  of t h e  need  t o  p r o t e c t  cne flow 
t u b e s  from p e n e t r a t i o n  b y  i m p a c t  of m i c r c , m e t e o r 3 i d :  
and space  d e b r i s .  The c o n d u c t i o n  model  a p z e a r s  
i n  t h e  n o d a l  h e a t  b a l a n c e  e q u a t i o n  as  a t h e r m a l  
r e s i s t a n c e  t e r m  b e t w e e n  t h e  t u b e  1walI and  t h e  r a d i -  
a t o r  f a c e - s h e e t .  A p r e l i m i n a r y  t h e r m a l  r e s i s t a n c e  
c a l c u l a t i o n  showed t h a t  t h e  m a j o r  r e s i s t a n c e s  i n  
t h e  c o n d u c t i o n  f low p a t h  w e r e  t h r o u g h  t h e  four 
f l o w - t u b e  e x t r u s i o n  s t a n d o f f s  and  a c r o s s  t h e  adhe-  
s i v e  b a r r i e r  b e t w e e n  t h e  e x t r u s i o n  and  t h e  f a c e -  
s h e e t s .  I n d e e d ,  t h e  a d h e s i v e  r e s i s t a n c e  i j  an 
o r d e r - o f - m a g n i t u d e  l a r g e r  t h a n  t h a t  of t h e  s t a n d -  
o f f s ,  w h i c h  i s  i n  t u r n ,  much g r e a t e r  t h a n  r h e  
r e s i s t a n c e s  o f  t h e  r e m a i n d e r  of t h e  c o n d u c t i o n  
p a t h .  C o n t a c t  r e s i s t a n c e  and  s u r f a c e  c o a t ' n g  
r e s i s t a n c e  a r e  n e g l e c t e d .  C o n d u c t i o n  from t h e  
e x t r u s i o n  t h r o u g h  t h e  a l u m i n u m  honeycomb i s  n o t  
e x p e c t e d  t o  be s i g n i f i c a n t  because  o f  t h e  r s l a -  
t i v e l y  t h i c k  f o a m  a d h e s i v e  \wh ich  a t t a c h e s  :he 
honeycomb t o  t h e  e v t r u s i o n  ( t h u s  t h e  one-  
d i m e n s i o n a l  c o n d u c t i o n  f o r m u l a t i o n ) .  

The r a d i a t o r  f a c e - s h e e t  a n d  honeyccmb i r e  
a p p r o x i m a t e d  as  a n  e q u i v a l e n t  mass .  e q u i v a i s n t  
l e n g t h ,  r e c t a n g u l a r  f i n ,  i n  t h e  l i m i t i n g  c a j e  
where  t h e  e f f e c t i v e  s i n k  t e m p e r a t u r e  a p p r o a - h e s  
t h e  f i n  s u r f a c e  t e m p e r a t u r e  1 4 1 .  

R a d i a t i o n  Model  

The r a d i a t i o n  h e a t  t r a n s f e r  i s  f o r m u l a t e d  t3 
r e p r e s e n t  h e a t  r e j e c t i o n  f r o m  t h e  ' p r i m e '  and  
' e x t e n d e d '  r a d i a t o r  s u r f a c e s  i n  t e r m s  o f  :he e f f e c -  
t i v e  s i n k  t e m p e r a t u r e  and  t h e  f i n  root t e m o e r a t u r e .  
The p r i m e  s u r f a c e  i s  t a k e n  t o  b e  t h e  f a c e - s n e e t  
a r e a  w h i c h  i s  d i r e c t l y  a t t a c h e d  t o  t h e  f l o w - t u b e  
e x t r u s i o n .  The e x t e n d e d  s u r f a c e  i s  d e f i n e d  as  t h e  
f a c e - s h e e t  a r e a  w h i c h  i s  d i r e c t l y  a t t a c h e d  t o  t h e  
honeycomb s t r u c t u r e ,  The e f f e c t i v e  s i n k  t e n p e r a -  
t u r e  i s  a f u n c t i o n  of t h e  r a d i a t i o n  e n v i r o n m e n t  of 
t h e  r a d i a t o r  s u r f a c e s  w i t h  r e s p e c t  t o  a l l  o t h e r  
r a d i a t i n g  s u r f a c e s  ( i . e . ,  o t h e r  s t a t i o n  comoonen ts ,  
s o l a r  a n d  e a r t h  r a d i a t i o n ,  and  e a r t h - r e f l e c t e d  
s o l a r  r a a i a t i o n )  and  i s  n o t  a p h y s i c a l  t e m p e r a -  
t u r e .  b u t  a n  e f f e c t i v e  e n v i r o n m e n t a l  t e m p e r a t u r e .  
The e f f e c t i v e  s i n k  t e m p e r a t u r e  f o r  t h e  SD r a d i a t o r  
i s  p r e d i c t e d  t o  r a n g e  b e t w e e n  a p p r o x i m a t e l y  -70 
and -125 " F ,  p r i o r  to  a d d i t i o n  o f  more  SD m o d u l e s  
as  r e q u i r e d  for power  g r o w t h .  

A s  d e s c r i b e d  i n  t h e  c o n d u c t i o n  d i s c u s s i o n .  
t h e  e x t e n d e d  s u r f a c e  i s  m o d e l e d  as  a r e c t a n g u l a r  
f i n  h a v i n g  a mass e q u i v a l e n t  t o  t h e  c o m b i n e d  h o n e y -  
comb a n d  e x t e n d e d  f a c e - s h e e t  a n d  a f i n  l e n g t h  
e q u a l  t o  h a l f  t h e  d i s t a n c e  b e t w e e n  a c t i v e  p a n e l  
t u b e s .  The f i n  t h i c k n e s s  i s  m o d e l e d  as  t h e  t h i c k -  
n e s s  e q u i v a l e n t  t o  a s o l i d  f i n  o f  t h e  same mass as 
t h e  honeycomb a n d  f a c e - s h e e t .  The e x t e n d e d  
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s u r f a c e  i s  d o u o l e d  t o  a c c o u n t  for a f i n  o n  e i t h e r  
s i d e  of t h e  f l o w - t u b e .  

T h i s  f i n  model  a p p r o x i m a t i o n  o v e r e s t i m a t e s  
h e a t  t r a n s f e r  because  i t  n e g l e c t s  t h e r m a l  r e s i s -  
t a n c e s  due to  t h e  a d h e s i v e  and  t h e  honeycomb con-  
f i g u r a t i o n .  T h e r e f o r e ,  a n  o p t i o n  was w r i t t e n  i n to  
t h e  code  w h i c h  e f f e c t i v e l y  n e g l e c t s  t h e  c o n d u c t i o n  
e f f e c t  o f  t h e  honeycomb,  and  t h u s  u n d e r e s t i m a t e s  
t h e  f i n  t h e r m a l  p e r f o r m a n c e .  The f i n  p e r f o r m a n c e  
i s  b r a c k e t e d  i n  t h i s  way.  

P r e s s u r e  D r o p  Model  

The p r i m a r y  r e a s o n  f o r  c a l c u l a t i n g  p r e s s u r e  
d r o p  t h r o u g h  t h e  r a d i a t o r  a s s e m b l y  i s  t o  d e t e r m i n e  
pump ing  power r e q u i r e m e n t s .  The power r e q u i r e d  t o  
pump t h e  r a d i a t o r  f l u i d  t h r o u g h  t h e  c o o l i n g  l o o p  
i s  a p a r a s i t i c  power  l o s s ,  a n d  t h e r e f o r e  m u s t  be 
m i n i m i z e d .  I n c r s a s e d  t h e r m a l  p e r f o r m a n c e  from t h e  
r a d i a t o r  c a n  be a c h i e v e d  t h r o u g h  i n c r e a s e d  mass 
f low r a t e  a n d  or  a l t e r a t i o n  o f  f low t u b e  c r o s s -  
s e c t i o n a l  a r e a ,  a t  a c o s t  o f  i n c r e a s e d  pump ing  
p o w e r .  S i n c e  c o n v e c t i v e  p e r f o r m a n c e  i s  a p r i m a r y  
c o n s i d e r a t i o n  i n  r a d i a t o r  mass r e d u c t i o n ,  c a r e f u l  
c o n s i d e r a t i o n  i s  b e i n g  g i v e n  t o  t h e  b a l a n c e  o f  
pump ing  power  and  t h e  c o m b i n e d  e f f e c t s  of mass 
f low r a t e  and  f l o w - t u b e  c r o s s - s e c t i o n a l  a r e a .  

P r e s s u r e  loss due  to  f r i c t i o n  t h r o u g h  t h e  
f l o w - t u b e  i s  c a l c u l a t e d  f o r  e a c h  node as  a 
f u n c t i o n  o f  n o d a l  f l u i d  p r o p e r t i e s  and  a f r i c t i o n  
f a c t o r  based  on t h e  R e y n o l d s  number .  The n o d a l  
p r e s s u r e  d r o p s  a r e  summed f o r  t h e  t u b e  t o  i i n d  t h e  
t o t a l  t u b e  p r e s s u r e  d r o p .  The s t a n d a r d  e q u a t i o n  
[ 4 1  fo r  p r e s s u r e  l o s s  due  t o  p i p e  f r i c t i o n  i s  
u s e d .  The f r i c t i o n  f a c t o r  f o r  t u r b u l e n t  f l o w  [ 1 5 1  
i s  assumed i n  t h e  t r a n s i t i o n  as  w e l l  as t u r b u l e n t  
f low r e g i m e s  (Re > 2000). a n d  t h e  l a m i n a r  f r i c t i o n  
f a c t o r  E151 i s  u s e d  b e l o w  Re = 2000. As w i t h  
h e a t  r e j e c t i o n ,  p r e s s u r e  d r o p  t h r o u g h  e a c h  o f  t h e  
r a d i a t o r  t u b e s  i s  assumed t o  be e a u i v a l e n t .  

To e s t i m a t e  f r i c t i o n a l  p r e s s u r e  d r o p  t h r o u g h  
t h e  r a d i a t o r  a s s e m b l y ,  t h e  t u b e  p r e s s u r e  d r o p  i s  
added  t o  p r e s s u r e  d r o p s  f o r  t h e  i n l e t ,  or ' h o t '  
r a d i a t o r  h e a d e r  a n d  t h e  o u t l e t ,  or ' c o l d '  r a d i a t o r  
h e a d e r .  The h e a d e r s ,  composed of t h e  p a n e l  m a n i -  
f o l d s  and  f l e x  h o s e s ,  r u n  f r o m  t h e  r a d i a t o r  b a s e  
t o  t h e  e n d  o f  t h e  t o p  p a n e l .  P r e s s u r e  d r o p  t h r o u g h  
t h e  h e a d e r s  i s  c a l c u l a t e d  i n  t h e  same manner  as  
f o r  t h e  t u b e s ,  e x c e p t  t h a t  l o s s e s  t h r o u g h  f i t t i n g s  
( e l b o w s .  t e e s ,  e t c . )  a r e  i n c l u d e d .  F l u i d  c o n d i -  
t i o n s  for t h e  ' h o t '  s i d e  a r e  c a l c u l a t e d  a t  t h e  
r a d i a t o r  i n l e t  t e m p e r a t u r e  and  for t h e  ' c o l d '  s i d e  
a t  t h e  r a d i a t o r  o u t l e t  t e m p e r a t u r e .  

pump ing  power  i s  t h e  p r o d u c t  of t h e  t o t a l  
p r e s i i l r e  l o s s  a n d  t h e  v o l u m e t r i c  f low r a t e ,  d i v i d e d  
by  t h e  pump e f f i c i e n c y .  F l u i d  c o n d i t i o n s  f o r  power  
c a l c u l a t i o n s  a r e  e v a l u a t e d  a t  t h e  pump i n l e t  tem- 
p e r a t u r e ,  w h i c h  i s  assumed t o  b e  t h e  same as t h e  
r a d i a t o r  o u t l e t  t e m p e r a t u r e .  

Mass a n d  A r e a  C a l c u l a t i o n s  

r a d i a t o r  mass c a l c u l a t i o n  i s  based  o n  a n  a l g c r i t h m  
d e v e l o p e d  b y  LTV M i s s i l e s  and E l e c t r o n ' c s  fsr t h e  
b a s e l i n e  r a d i a t o r  c o n f i g u r a t i o n .  T h i s  a i g o r i t h m  
u s e s  r a d i a t o r  d i m e n s i o n s  and m a t e r i a l  a e n s i t i e s  t c  
e s t i m a t e  mass.  

O r b i t a l  D e b r i s  I m p a c t  S u r v i v a b i l i t y  Mode l  

The p r e d i c t i o n  of r a d i a t o r  f l o w - t u b e  s u r v i v a -  
b i l i t y  from o r b i t a l  d e b r i s  i m p a c t s  i s  i m p o r t a n t  t o  
p r e l i m i n a r y  d e s i g n  s t u d i e s  because  t h e r e  i s  a m i n i -  
mum s u r v i v a b i l i t y  r e q u i r e m e n t  t o  w h i c n  t h e  r a d i a t o r  
i s  e x p e c t e d  to  c o m p l y .  P e n e t r a t i o n  o f  a f l o w - t u b e  
would cause  loss o f  one  f l u i d  l o o p ,  ne :es ; i t a t i ng  
use  of t h e  r e d u n d a n t  f l u i d  l o o p .  Any a l t e r a t i o n  t o  
t u b e  bu rnper ing  or f low t u b e  g e o m e t r y  f o r  t h e  p u r -  
p o s e  of h e a t  t r a n s f e r  enhancement  may a f f e c t  t h e  
d e g r e e  t o  w h i c h  t h e  r a d i a t o r  i s  p r o t e c t e d  from 
o r b i t a l  d e b r i s  p e n e t r a t i o n s .  Thus ,  p e n e t r a t i o n  
s u r v i v a b i l i t y  i s  a p a r a m e t e r  w h i c h  m u s t  be m e t  t o  
o p t i m i z e  r a d i a t o r  d e s i g n .  

The p r e d i c t i o n  o f  s u r v i v a b i l i t y  i n  l o w - e a r t h -  
o r b i t  from m i c r o m e t e o r o i d  and space  d e b r i s  i m p a c t s  
i s  d i f f i c u l t  because  of u n c e r t a i n t i e s  i n :  ( 1 )  t h e  
d e t e r m i n a t i o n  o f  t h e  s i z e ,  mass a n d  v e l o c i t y  Q f  a 
p a r t i c l e  w h i c h  w i l l  p e n e t r a t e  a cornponef i t ,  and  ( 2 )  
t h e  p r e d i c t i o n  of t h e  a c t u a l  d e b r i s  e n v i r o n m e n t  
t h a t  t h e  component  w i l l  e n c o u n t e r  i n  t e r m s  o f  t y p e  
o f  p a r t i c l e  ( s i z e ,  mass,  d i r e c t i o n ,  and  v e l o c i t y ) ,  
p o p u l a t i o n  o f  p a r t i c l e s  i n  o r b i t  ( c u r r e n t l y  and  
o v e r  t h e  l i f e  o f  a c o m p o n e n t ) ,  a n d  f l u x  o f  p a r t i -  
c l e s  ( b y  a l t i t u d e ,  d i r e c t i o n ,  and  s i z e ) .  

A g r e a t  d e a l  o f  e x p e r i m e n t a t i o n  and  a n a l y -  
s i s  has  been  p e r f o r m e d  t o  q u a n t i f y  p e n e t r a t i o n  
t h r e s h o l d s  ( l e t h a l  p r o j e c t i l e  s i z e s )  of componen ts  
w h i c h  w i l l  e y p e r i e n c e  o r b i t a l  d e b r i s  i m p a c t s .  
P e n e t r a t i o n  has  been  f o u n d  t o  depend  u p o n  s u c h  
p a r a m e t e r s  as  p a r t i c l e  d i a m e t e r ,  mas;, v e l o c i t y  
a n d  o r i e n t a t i o n  t o  t h e  component  ( n o r m a l  or 
o b l i q u e ) ;  a n d  upon  componen t  m a t e r i a l .  d e n s i t y  and  
t h e  g e o m e t r y  p a r t i c u l a r  t o  i t s  s h i e l d i n g .  I n  a d d i -  
t i o n ,  c u r r e n t  e x p e r i m e n t a l  c a p a b i l i t i e s  a r e  l i m i t e d  
t o  v e l o c i t i e s  w h i c h  o n l y  a p p r o a c h  t h e  l c w e r  l i m i t  
o f  p r e d i c t e d  o r b i t a l  d e b r i s  v e l o c i t i e s .  T h u s ,  
p r e d i c t i o n  o f  t h e  l e t h a l  p a r t i c l e  s i z e  fo r  a p a r -  
t i c u l a r  componen t  i n  l o w - e a r t h - o r b i t  i s  h i g h l y  
u n c e r t a i n .  

D e t e r m i n a t i o n  of t h e  d e b r i s  e n v i r o n m e n t  and 
m i t i g a t i o n  o f  i t s  e f f e c t s  i s  c u r r e n t l y  a s u b j e c t  
o f  i n t e r n a t i o n a l  c o n c e r n  and  much d e b a t e .  The 
m o d e l s  t o  w h i c h  t h e  Space S t a t i o n  F reedcm i s  b e i n g  
d e s i g n e d  a r e  e x p e c t e d  t o  be r e v i s e d  t o  r e f l e c t  a 
more s e v e r e  e n v i r o n m e n t .  The c u r r e n t  b a s e l i n e  
d e b r i s  f l u x  m o d e l s  a r e  u s e d  i n  t h e  n u m e r i c a l  model  
a n d  w i l l  be u p d a t e d  when t h e  p r o g r a m  r e a u i r e m e n t s  
a r e  m o d i f i e d .  I t  s h o u l d  b e  n o t e d  t h a t  t h e  e n v i r o n -  
men t  i s  composed o f  two d i s t i n c t  t y p e s  o f  p a r t i -  
c l e s  w h i c h  d i f f e r  i n  f l u x ,  o r i e n t a t i o n ,  a v e r a g e  
v e l o c i t y ,  s i z e ,  a n d  mass.  M i c r o m e t e o r o i d s  o c c u r  
n a t u r a l l y ,  w h i l e  space  d e b r i s  has been  d e p o s i t e d  
i n  o r b i t  as  a r e s u l t  o f  human a c t i v i t y  a n d  i s  
e x p e c t e d  t o  i n c r e a s e .  

The r a d i a t o r  s u r f a c e  a r e a ,  n e g l e c t i n g  m a n i f o l d  The g e n e r a l  me thod  o f  p r e d i c t i n g  s u r v i v a b i l -  
and  f l e x - h o s e  a r e a s ,  i s  a p r o d u c t  of t h e  p a n e l  i t y  i s  t o  d e t e r m i n e  t h e  min imum p a r t i c l e  d i a m e t e r  
w i d t h ,  p a n e l  l e n g t h ,  a n d  number of p a n e l s .  The w h i c h  w o u l d  p e n e t r a t e  a componen t ;  u s e  o r b i t a l  
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flux models to predict the population o f  particles 
at least as large as the lethal particle size: and 
determine the probabi I i ty of no penetration of the 
vu'nerable area over the component lifetime. 

Lethal Particle Size Model 

The minimum particle diameter which would pen- 
etrate the radiator fluid tube wall is calculated 
for micrometeoroids and space debris using a model 
which is considered to yield a conservative predic- 
tion [161 for double-walled (bumpered) structures. 
The calculation is based o n  empirical resulrs o f  
Nycmith [171 for a normal impact to bumpered alumi- 
num, where the particle diameter is predicted as a 
furction of target wall thickness, wall spacing, 
anc particle velocity, with modification f o r  mate- 
rial density. Micrometeoroids and space debris 
have different average densities and impact veloci- 
ties, thus the model predicts different threshold 
diameters for each type of particle [181. 

Hypervelocity impact testing of the prelimi- 
nary design configuration of the S D  radiator is 
currently underway. Results of these tests are 
expected to further define the radiator's surviva- 
bility from orbital debris impacts. 

Particle Flux Model 

Once the threshold penetration diameter is 
known, the flux (impacts per year per unit area) 
of both micrometeoroids and space debris particles 
large enough to penetrate the radiator is found 
froin the flux models in Ref.  19. These models 
weri developed in particular f o r  the Space Station 
Freidom orbital altitude and inclination. 

The flux of micrometeoroids is based on an 
'exposed' area [ 1 8 1 ,  which for a radiator with 
round tubes, is the product of the tube circumfer- 
ence, tube length. and number of radiator tubes. 
The flux of space debris is based on a 'projected' 
ared [181, which is the total tube area projected 
on (1 plane perpendicular to the space debris plane. 
For simplicity, the projected area is taken as the 
product of the tube diameter, tube length and 
number of tubes. 

Survival Probabi 1 i ty 

The probability o f  no impact of a particle 
gre?.ter than or equal to the lethal particle size 
is calculated according to the method in Ref. 18 
usirlg d 10 year expected lifetime, where sep3rate 
protlabi 1 i ties are found for micrometeor- 
oidr and space debris, and the total probability 
is the product of the two. Since the radiator has 
an entirely redundant fluid loop, the survival 
prot'ability is based on loss of both loops. 

EXAMPLES OF RESULTS 

Initial runs o f  the model were made to examine 
convergence and accuracy of the model. I t  wds 
found that a convergence of the nodal root tempera- 
tures to 0.5 "R was adequate for parametric study 
purposes. Division of the tube length into 100 
nodes yields consistent values for  heat rejection. 

Next, the model was verifiea again;t results 
qf other numerical models [ 2 0 ,  211. These results 
are shown in Table 1 for the baseline radiator and 
show good agreement. 

Several parametric studies have been performed 
to examine optimization of the baseline radiator 
configuration. One study examined the variation 
of face-sheet thickness versus spacing between 
active radiator tubes. Face-sheet thickness was 
incrementally increased from the baseline thick- 
ness of 0.01 in., and the number of active tubes 
in a radiator panel was incrementally decreased 
from the baseline value of 18. The width o f  the 
radiator- panel was held at a constant 7.5 ft. This 
effectively varied the fin performance. It was 
found that a thicker face-sheet provided a slight 
performance improvement at a cost of much increased 
mas:. Reduced mass and equivalent thermal perform- 
ance could be achieved by reducing the numoer of 
tubes per panel and increasing frictional head 
loss (at a constant mass flow rate). The model 
indicated that a 16 percent mass reduction can be 
obtained using 1 6  tubes per panel and a frictional 
head loss increase of 40 percent. 

This information prompted a study of a para- 
metric variation o f  the flow-tube diameter and the 
number of active tubes per panel, holding all other 
parametsrs constant. This also effectively varies 
the fin length. it was found that mass can be 
reduced by decreasing the number of tubes per panel 
and increasing the tube diameter, at a cost o f  
slightly increased pumping power (within the cur- 
rent 25 psi allotment). 

One of the recent design efforts focused on 
improvement of radiator performance (especially 
convective heat transfer in the flow-tubes) i s  the 
selection of a fluid. Rocketdyne conducted a fiuid 
trade study analysis [221 in which fluids were 
evaluated against performance, safety, and material 
criteria. The numerical model was used to verify 
the performance results of the contractor's w a l u a -  
tion for the final fluid candidates: FC-75. tolu- 
ene, and N-heptane. These results are shown in 
Tables 1 and 2. Small performance differences are 
attributed to the small differences in fluid prop- 
erties used in each model and the 'overestimating' 
fin model used ( s e e  radiation model discussion). 
The results are in agreement with the contractor's 
conclusion that toluene and N-heptane exceed FC-75 
in performance. 

SUMMA R L  

A simple, flexible numerical model has been 
developed to analyze a variety o f  SD radiator con- 
figurations by parametric study. The model has 
been verified against results of other available 
models, and has proven useful in verification of 
contractor trade-study analyses and preliminary 
design studies. 
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TABLE 1 .  - RESULTS FOR BASELINE RADIATOR CONFIGURATION 

R e f .  20 

P a r a m e t e r s  1 B a s e l i n e  S O a  r a d i a t o r  r e s u i t s  I 
R h a t i g a n  R e f .  21 

a 
53 .3  
9 8 . 5  
2 4 . 7  
1482 
2804 
4137 
1 5 . 4  

Number o f  p a n e l s  
O u t l e t  t e m p e r a t u r e ,  O F  

H e a t  r e j e c t e d ,  kW 
P a n e l  l e n g t h ,  f t  
P a n e l  a r e a ,  f t 2  
T o t a l  mass,  l b  
F l o w  r a t e ,  l b / h r  
P r e s s u r e  d r o p  

a c r o s s  p a n e l ,  p s i  

a 
5 2 . 5  
9 9 . 1  
2 5 . 9  
1554 

41 37 
c 1 6 . 8  

b2354  

a 
5 2 . 4  
9 9 . 1  
2 4 . 7  
1482 

41 37 
1 4 . 5  

2808 

N-Heptane To1 uene 

I I I I 

a B a s e l i n e :  FC-75 h e a t  t r a n s f e r  f l u i d ,  18  a c t i v e  t u b e s  
p e r  p a n e l ,  5 i n .  s p a c i n g  b e t w e e n  a c t i v e  t u b e s ,  
0 . 0 7  i n  t u b e  i . d . .  7 . 5  f t  o a n e l  w i d t h .  T T N  = 348 " F .  . 1 I, 

TSINK = - 7 0  OF. 
bMass does  n o t  i n c l u d e  r e d u n d a n t  l o o p ,  f i t t i n q s  

h o s e s ,  e t c .  
C I n c l u d e s  h e a d e r  l o s s e s .  

TABLE 2 .  - RESULTS FOR ALTERNATE RADIATOR F L U I D S  

I P a r  ame t e r I 

Number of p a n e l s  
O u t l e t  t e m o e r a t u r e ,  " F  
H e a t  r e j e c t e d ,  kW 
Pane l  l e n g t h ,  f t  
Pane l  a r e a ,  i t 2  
T o t a l  mass,  15 
F l o w  r a t e ,  l b / h r  
P r e s s u r e  d r o p  

a c r o s s  p a n e l ,  p s i  

6 
5 2 . 0  
9 9 . 1  
2 6 . 0  
1170 
2186  

14 .3  
1 a7a 

1 I 

Q o e s  n o t  i n c l u d e  r e d u n d a n t  l o o p ,  
b I n c l u d e s  h e a d e r  l o s s e s .  

1 0 2 . 3  
2 6 . 0  

2187 

6 
5 2 . 5  
9 9 . 1  
2 6 . 6  
1197 

a1810 

b 1 5 . 2  
1878 

2 5 . 5  

2173 
2545 
1 4 . 8  

6 
3 9 . 0  

1 0 2 . 4  
2 5 . 5  
1148 
2172 
2545 
1 9 . 4  

6 
5 2 . 5  
9 9 . 5  
2 6 . 6  
I 1 9 7  

2545  
a i a i 0  

b 2 1 . 2  

I I I I 

f i t t i n g  h o s e s ,  e t c .  
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FIGURE 1. - SINPLIFIED SOLAR DYNAMIC POWER CYCLE. 
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FIGURE 2. - SOLAR DYNAMIC MODULE RADIATOR. 
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FIGURE 3. - SECTION OF BASELINE SD RADIATOR FLOW-TUBE (FLOW IS IN X-DIRECTION). 
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